Introduction
Loquat (Eriobotrya japonica Lindl.) belongs to the family Rosaceae and the subfamily Maloideae. With 16 original loquat species, China has the most abundant Eriobotrya germplasm resources, which are largely distributed in the Yangtze River Basin of South China. Only six Eriobotrya species originate in Southeast Asia, mainly in Laos, Vietnam, Myanmar, the Philippines, and Cambodia (Yang et al., 2017) . Eriobotrya plant resources contain many valuable genes and traits, such as antiinflammatory, antioxidative, hepatic, and neural protection . The habitat of Eriobotrya plants is shrinking because of human activity and social progress. Consequently, it is critical and urgent to conserve the germplasm of Eriobotrya. For Eriobotrya conservation, the conservation of loquat cultivar resources is reported in the Chinese National Germplasm Resource Nursery (Fuzhou, China). There are also some other reports about in vitro culture of loquat, but research on the cryopreservation of Eriobotrya plants is rare (Liu, 2014) .
Cryopreservation is becoming an increasingly popular technique for the long-term storage of germplasm resources. Compared to traditional conservation methods, cryopreservation takes minimum space and needs little maintenance. At present, cryopreservation has been used for many plant species (Li et al., 2009) . Cryopreservation is based on the reduction and subsequent suspension or interruption of metabolic functions of biological plant materials by decreasing extreme temperature shock within liquid nitrogen (LN, , while maintaining viability (Bi et al., 2017) . At -196 °C, almost all the intercellular enzyme activities become quiescent and long-term conservation can be achieved in such a state. However, it is essential to avoid lethal intracellular cell membrane freezing damage that occurs during rapid freezing in LN and thawing for maintaining the viability of cells and tissues (Teixeira et al., 2014) . There are two patterns of liquid-solid phase transitions: ice formation, which is a direct transition from liquid to ice crystals, and vitrification, which is a transient phase transition from a liquid to glass state before crystallization (Deller et al., 2014) . Intracellular ice formation is widely considered as a severe cellular stress and cryoprotective agents have long been used to minimize the physical damage during crystallization (Ambastha et al., 2015) . Plant materials can suffer irrecoverable damage during cryopreservation, which is caused by the freezing and thawing process and dehydration and results in cellular structure collapse (Popova et al., 2015) . Consequently, damaged cells are unable to restore regrowth and metabolic activities after cryopreservation. Intense ice crystallization, which causes structural devastation by ice crystals, is a major source of cryoinjury and is associated with low postthaw active maintenance in many different cell types (Nadarajan et al., 2009) .
Plant materials such as cells and tissues need osmosis of cryoprotectants to moderate the level of intracellular ice crystal formation during cryopreservation. Common cryoprotectants include cell-permeable substances, such as dimethyl sulfoxide (DMSO), glycerol, and 1,2-propanediol, and various polymers, including hydroxyethyl starch and polyvinylpyrrolidone (Reed et al., 2014) . Among them, DMSO is the most popular cryoprotectant for cryopreservation of plants (Höfer et al., 2015; Matsumoto et al., 2015; Kaya et al., 2017) . However, DMSO has cytotoxicity, which may interfere with cell metabolism, enzyme activity, the cell cycle, and cell growth and function and may even cause cell death (Pal et al., 2012) . Trimethylamine oxide (TMAO) is a type of zwitterion molecule and its polar group can attract water molecules by a strong interaction, which could affect hydrogen bonding. Therefore, it has strong potential as a cryoprotectant.
The aim of this study was to investigate the influence of TMAO as a cryoprotective agent for the cryopreservation of Eriobotrya plants, and the appropriate TMAO concentration and loading duration were also studied. Our study shed light on cryopreservation techniques for the protection of valuable genetic resources of Eriobotrya plants.
Materials and methods

Materials
The shoot tips (about 5 mm) of in vitro plantlets of E. deflexa Nakai × E. japonica 'Jiefangzhong' were used in the present study. Plantlets were propagated on Murashige and Skoog basal solid medium (Murashige and Skoog, 1962) with 1.0 mg/L 6-benzyladenine (BA), 0.1 mg/L 1-naphthyl acetic acid (NAA), 30.0 g/L sucrose, and 5.0 g/L agar (pH 6.0) at 22 ± 1 °C under a 16-h light/8-h dark photoperiod. Shoot tips (5 mm) were separated from in vitro shoots and then transplanted into a preculture medium (MS + BA 1.0 mg/L + NAA 0.1 mg/L + 4.0 g/L agar + 1 M sucrose) at 25 °C for 3 days. Culture vessels comprised 350-mL tissue culture glass bottles with 30 mL of medium and were sterilized at 121 °C for 30 min.
Vitrification solution and recovery medium
To compare the cryoprotective effects of DMSO and TMAO and to determine the best cryoprotectant for cryopreservation of Eriobotrya plants, an optimized plant vitrification solution (MS + 0.5 M sucrose +15% (w/v) PEG +30% (w/v) glycerol) was prepared based on PVS2 (Sakai et al., 1990 ) and previous studies (Zalewska et al., 2013; Liu, 2014; . The solution was prepared, sterilized, and stored at 4 °C. The PVS was used with the following concentrations of DMSO or TMAO: 15%, 10%, 5%, and 1%. Cryovials (10 mL) were prepared separately and labeled according to the treatments of cryoprotectant. Recovery medium consisted of MS medium with 30.0 g/L sucrose, 1.0 mg/L BA, 0.1 mg/L NAA, 0.1 mg/L thidiazuron, and 4.0 g/L agar and was stored at room temperature after sterilization at 121 °C for 30 min.
Loading duration optimization and freezing program
The PVS and cryoprotectant were treated together in the first step during the loading stage. To further optimize the PVS solution and to investigate the effect of loading duration on shoot tips, the shoot tips were immersed in PVS loading solution with 10% (w/v) TMAO at 4 °C for 1 h, 3 h, 6 h, 9 h, 12 h, 15 h, 18 h, 24 h, and 48 h (loading duration). After loading, each cryovial with 30 shoot tips was directly plunged into a programmable cooler (Kry0550-16, Planer Co., UK). When the cooling program finished, the cryovials were put into LN for at least 2 h.
According to the instruction manual and previous study (Liu, 2014) , before the cooling process, the Eriobotrya shoot tips were separated from seedlings and precultured in the preculture medium for 3 days, then shifted to PVS (MS solution + 0.4 mg/L saccharose + 2.0 mg/L Glycerinum) for 9 h of loading at 4 °C. The cooling program was operated as follows: the initial temperature was 4 °C. Below 0 °C, the cooling speed was -0.3 °C/min. From 0 °C to -7 °C, the cooling speed was -0.1 °C/min and it was kept for 10 min at -7 °C for temperature balance and ice crystallization. After that the cooling speed remained -0.1 °C/min from -7 °C to -20 °C. From -20 °C to the terminal temperature (-40 °C), the cooling speed changed to -0.5 °C/min. The samples were kept for 5 min at the terminal temperature and then quickly transferred to liquid nitrogen. In the unfreezing stage, the materials were conserved in LN for at least 2 h and then rapidly put into a water bath at 37 °C to unfreeze for 3 min. The shoot tips were plunged into aseptic deionized water twice to wash away the residual PVS. The shoot tips were rapidly transferred to regrowth medium after unloading (within 30 min).
Regrowth culture
After being treated with the unloading solution in all the above treatments, the cryopreserved shoot tips were transplanted to an incubator (regrowth medium) at 20 ± 1 and 65%-70% humidity under a 24-h dark photoperiod for 20 days. Then they were kept at 20 ± 1 °C and 65%-70% humidity and the photoperiod was 16-h light/8-h dark for 50 days. The survival (shoot tips that remained green and did not display browning) and regrowth (shoot tips that had signs of callus formation or further shoot tip development) were recorded based on visual observation. For all the experiments, three replications were performed for each treatment in one cryovial, with at least 50 explants in each replication. To determine the toxicity of TMAO, noncryopreserved shoot tips were merged in the same concentrations of TMAO/DMSO and simultaneously cultured under the same conditions as cryopreserved shoot tips.
Statistical analysis
Survival and shoot regrowth after cryopreservation was calculated based on visual observations. Data were analyzed by ANOVA using SPSS 12.0 (SPSS Inc., Chicago, IL, USA). Data are presented as means of three independent experiments. Significance tests were carried out using Duncan's multiple range test and significance was determined at the 5% level.
Results
The effect of TMAO as a new cryoprotectant on
Eriobotrya plants compared to DMSO Our results indicated that different concentrations of cryoprotectants had significant influence on the survival and regrowth rate during the vitrification stage. The highest survival rate was obtained with 10% working concentration of TMAO and DMSO, and survival rates were 68.33% and 67.14%, respectively. However, we detected nonsignificant differences for the survival rate between TMAO and DMSO (Table) . The situation was somewhat different when considering the regrowth rate.
The regrowth rate reached a maximum value (59.91%, Figure 1 ) with 10% TMAO treatments, while it was only 3.02% with 10% DMSO. These results confirmed that TMAO could be introduced as an effective cryoprotectant, which can increase the survival and regrowth rate for cryopreservation of Eriobotrya plants. Meanwhile, it also indicated that the best cryoprotectant for the cryopreservation of Eriobotrya plants is 10% (w/v) TMAO and the best PVS was optimized PVS + 10% (w/v) TMAO. 3.2. Effect of loading duration on survival and regrowth rate Different loading durations (0-48 h) were assessed for TMAO as cryoprotectant with vitrification solution and the results showed a significant variation in the survival and regrowth rate of cryopreserved shoot tips (Figure 2) . The survival and regrowth rates increased as loading duration time went on; however, after 9 h and 12 h, the survival and regrowth rates continuously decreased, respectively. Survival rate reached the highest level (73.41%, Figure 3 ) when loading duration time was 12 h and regrowth rate reached the maximum level (56.36%) at 9 h of loading duration. These results showed that appropriate loading duration could enhance the survival and regrowth rate, which might be due to osmotic dehydration.
Meanwhile, similar loading durations and concentrations (10% (w/v)) of the two cryoprotectants were used for noncryopreserved shoot tips (Figure 4) , and the results showed that as the loading duration of DMSO increased, survival rate strongly decreased and no survival of shoot tips was observed at longer durations. On the contrary, as the loading duration of TMAO increased, a significantly higher survival rate was observed than in DMSO. When the loading duration was more than 12 h, the survival and regrowth rates decreased. This might be because of the osmotic stress, but not the toxic effect of cryoprotectant. 
Discussion
Our work represents the first application of TMAO as a cryoprotectant for cryopreservation to Eriobotrya shoot tips. The survival and regrowth rates are key factors for cryopreservation and its commercial application (Hirai et al., 2003) . Compared with DMSO, TMAO can greatly improve the regrowth rate, although a nonsignificant difference was observed for survival rate. These results illustrated that during the programmed cooling conditions, DMSO may not fully infiltrate into the cell to protect the cell from dehydration and osmotic stress, whereas TMAO could permeate into the cell to moderate damage (Elliott et al., 2017) . Furthermore, the interaction of water molecules is closely related to the formation and growth of ice crystals (Ninagawa et al., 2016) . TMAO is a hydrophilic molecule whose polar groups can be combined with water molecules through solvation and hydrogen bonds have exposed dipeptide backbones but generally not with nonpolar or polar side chains (Ufnal et al., 2015) , which can further imply the potential role of TMAO as a cryoprotective agent under extreme freezing and osmotic stress. On the other hand, TMAO might cross the cell membrane by compounding the cationic transport protein OCT2 (Teft et al., 2017) and DMSO infiltrated into the cell directly through osmosis, which may cause mitochondrial membrane structure breakdown, release of cytochrome c into the cellular matrix, and the activation of caspase-9 and caspase-3 (Liu et al., 2001) . Biologically, DMSO is a hydrogen bond disrupter, and DMSO-induced toxicity severely affects the endodermal and hepatic lineage while sparing mesodermal and ectodermal lineages in a concentration-dependent manner (Pal et al., 2012) . Therefore, DMSO may affect the induction of cell differentiation capacity, which may have caused low regrowth in the present study. Our study showed a marked difference between TMAO and DMSO, which may have happened for the following reasons: 1) TMAO is a small organic compound that helps the cell maintain osmotic balance under osmotic pressure (Yancey et al., 2005) and dehydration stress (Ufnal et al., 2015) ; 2) the freezing point of TMAO is significantly lower than that of DMSO, indicating that TMAO has a strong effect in inhibiting ice formation in cells during cryopreservation (Rösgen et al., 2012) . Loading duration plays an important role in the survival and regrowth rate during cryopreservation, and a longer period of loading duration could significantly increase the percentage of sweet potato shoot formation before cryopreservation (Hirai et al., 2003) . However, the effect of loading duration was not assessed systematically in previous studies. In the present study, the effects of different loading durations on cryopreservation of Eriobotrya plants were systematically assessed. Our results indicated that the percentage of survival and the regrowth rate increased considerably between 1 and 12 h of loading duration and reached a maximum value at 9 h and 12 h, respectively. When the loading duration time was further increased, both survival and regrowth rate decreased. Undoubtedly, loading duration could improve cell osmotolerance by increasing the concentration of cytosolic solutes. Previous studies also proved that plasmolysis might mitigate the mechanical stress incurred during severe dehydration (Jitsuyama et al., 1997) . In short, a suitable period of loading duration is necessary to increase the survival and regrowth rate of Eriobotrya plants.
To the best of our knowledge, there are few studies about the effect of different cryoprotectants and loading durations on cryopreservation of Eriobotrya plants. Our results showed that TMAO could be introduced as a nontoxic and efficient protectant, which is better than traditional cryoprotectant components, such as DMSO. The best cryoprotectant solution for cryopreservation of Eriobotrya plants consisted of MS liquid medium, 0.5 M sucrose, 15% (w/v) PEG, 30% (w/v) glycerol, and 10% TMAO. At the same time, the survival and regrowth rate reached maximum values when loading duration time was 9 or 12 h with TMAO.
